Background {#Sec1}
==========

Coronavirus disease 2019 (COVID-19) due to Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) infection is the biggest public health crises of recent times \[[@CR1]\]. As per the World Health Organization's (WHO) update dated 21st April 2020, there have been 2,397,216 cases and 162,956 deaths worldwide \[[@CR2]\]. SARS-CoV-2 causes acute respiratory infection with varying severity in different age groups, wherein elderly tend to have severe disease, children are relatively spared till-date \[[@CR3]\]. Several differences in the pathogenesis of COVID-19 between children and adults have been proposed to explain these differences \[[@CR4]\].

Insights in the protective mechanism in children could help in development of therapeutic targets for at-risk elderly population. It is equally important to identify high-risk groups in children, so that recommendations regarding therapeutics and when available, vaccines can be made. Hence, the authors conducted a narrative review focussing on the clinical manifestations, disease pathogenesis, and possible factors explaining differences between adult and pediatric infection. As COVID-19 has similarities to SARS, some findings from SARS CoV-1 pathogenesis are extrapolated to SARS-CoV-2 infection. The possibility of a change in spectrum of pediatric disease, as the pandemic evolves further, should also be kept in mind.

Clinical Features and Outcomes of COVID-19 Among Adults and Children {#Sec2}
====================================================================

Among 44,762 laboratory-confirmed cases from China, only 416 (1%) and 549 (1%) were from age-groups \<10 and 10--19 y, respectively \[[@CR3]\]. Similarly, out of 32,437 positive laboratory tests from public health laboratories in the United States of America (USA), 168 (0.5%) and 425 (1.3%) were the 0--4 and 5--17 y age-group, respectively. Test positivity rates among total tests were 3.9% and 6.3% in 0--4 y and 5--17 y age group compared to overall 14.4% positivity rates \[[@CR5]\]. Clinical features from the largest series of adults and children are summarised in Table [1](#Tab1){ref-type="table"}. Frequency of common symptoms was lower in children compared to adults, implying more asymptomatic infections in children \[[@CR6]\]. Median duration of fever in children was 3 d compared to 10 d in adult patients, implying shorter illness in children \[[@CR7], [@CR9]\].Table 1Comparison of clinical characteristics among pediatric and adult COVID-19 case seriesCharacteristicsPediatricAdultCDC report \[[@CR6]\]Lu X et al. 2020 \[[@CR7]\]CDC report \[[@CR6]\]Guan WJ et al. [@CR8] \[[@CR8]\]Number of patients2572\*171113,985\*1099Age group, years\<18\<1618--64All ages (99.1% above 15 y)RegionUSAChinaUSAChinaMale1408 (53)104 (60.8)75,450 (53)^\#^637 (58.1)Age, years11 (median)47 (35, 58)^@^Fever163 (56)71 (41.5)7794 (71)975 (88.7)Cough158 (54)83 (48.5)8775 (80)745 (67.8)Fatigue13 (7.6)419 (38.1)Myalgia66 (23)6713 (61)164 (14.9)Headache81 (28)6335 (58)150 (13.6)Shortness of breath39 (13)¥4674 (43)205 (18.7)Sore throat71 (24)3795 (35)153 (13.9)Rhinorrhea21 (7.2)13 (7.6)757 (6.9)Diarrhea37 (13)15 (8.8)3353 (31)42 (3.8)Nausea/Vomiting31 (11)1746 (16)55 (5.0)Abdominal pain17 (5.8)1329 (12)Data are summarized as number (%), unless specified. ^@^data summarized as median (IQR). \*Denominator for estimation of symptom frequency was 291 (age \< 18 y) and 10,944 (age 18--64 y), because details of symptoms were available for these patients only; ^\#^Includes all patients 18 y and above; ^¥^49 (28.7%) children had tachypnea on examination in hospital. *CDC* Centers for Disease Control and Prevention

According to the Centers for Disease Control and Prevention (CDC) report, fewer children were admitted to hospital and intensive care unit (ICU) (5.7%--20% and 0.58%--2.0%, respectively) than adults aged 18--64 y (10%--33% and 1.4%--4.5%, respectively). But infants had higher hospitalization rates (15%--62%) than older children (aged 1--17 y) (4.1%--14%) and adults \[[@CR6]\]. There were 3 deaths (0.1%) in children compared to overall 2.27% mortality \[[@CR6]\]. Ages of these 3 children were not reported, but one case reported from Illinois was an infant \[[@CR10]\]. The Chinese case-series of 171 laboratory-confirmed children also reported one death in a 10-mo-old child, who suffered intussusception and multi-organ failure \[[@CR7]\]. In a Chinese series of 728 laboratory-confirmed children, the proportion of 'severe and critical' cases was 8.2%, 2.1%, 0.6%, 1.1% and 5.1% for the age-groups of ˂1, 1--5, 6--10, 11--15 and \> 15 y, respectively \[[@CR11]\]. These findings suggest that though overall children are less affected and have milder illness than adults, infants have more severe illness compared to older children.

Is the Pattern of Age-Specific Burden of COVID-19 Unique? {#Sec3}
=========================================================

Respiratory Viruses {#Sec4}
-------------------

The Global Burden of Diseases 2016 Lower Respiratory Infections Collaborators estimated that acute lower respiratory infections (ALRI) caused 652,572 deaths \[95% uncertainty interval (UI) 586,475-720,612\] in children aged \<5 y, 1,080,958 deaths (943,749-1,170,638) in adults aged \>70 y, and 2,377,697 deaths (2,145,584--2,512,809) in people of all ages, worldwide in the year 2016 \[[@CR12]\]. Incidence of Respiratory Syncytial Virus (RSV) infection (per 1000 people) was about three times higher in under-5s \[17 (95% UI 10·6--26·2)\], compared to adults \>70 y \[6.3 (4.9--7.8)\]. However, the estimated case fatality rate (CFR) in under-5s was approximately half of that in adults \>70 y. On the other hand, incidence of influenza is nearly 60% more in adults \>70 y \[15.8 (11.8--20.2)\] as compared to under-5s \[9.1 (5.4--14.8)\]. Here also, the estimated CFR in adults \>70 y is more than double of that in under-5s \[[@CR12]\]. Other studies on RSV burden also estimate a lower incidence of RSV ALRI in adults [\>]{.ul}65 y as compared to under-5s and a multiple-fold higher hospital CFR in adults [\>]{.ul}65 y \[[@CR13], [@CR14]\].

Among children, the youngest children (0--5 mo) had a higher incidence of RSV-related ALRI and higher hospitalization rates as compared to older children, but in-hospital CFR were similar in all age-groups in under-5s \[[@CR14]\].

In the first year of the 2009 H1N1 influenza pandemic in the USA, in the initial months, the number of cases were maximum in children (April 12--July 23, 2009: 0--17 y- 1,580,218 cases; 18--64 y- 1,430,258 cases; \>65 y- 42,292 cases); in the subsequent time-periods, the age-group 18--64 y had maximum cases (August 1--31, 2009: 0--17 y- 579,037cases; 18--64 y- 870,804 cases; \>65 y- 155,919 cases; and September 1, 2009--April 10, 2010: 0--17 y- 17,341,749 cases; 18--64 y- 33,091,869 cases; \>65 y- 5,745,602 cases). The older individuals (\>65 y) had lower attack rates as well as lower mortality, possibly due to immunity from prior exposure to H1N1 viruses \[[@CR15]\]. It appears that on appearance of a new respiratory viral infection, children are more likely to be affected, at least initially.

SARS and MERS {#Sec5}
-------------

SARS-CoV-1 and Middle East Respiratory Syndrome coronavirus (MERS-CoV) caused ALRI with high CFR (7--17% for SARS-CoV-1 and 19--46% for MERS-CoV) \[[@CR16]--[@CR18]\]. Age-wise CFR for SARS in Hong Kong was 0%, 2%, 10%, 13%, 25%, 47% and 66% out of 266, 418, 352, 260, 135, 147, and 177 cases in 0--24, 25--34, 35--44, 45--54, 55--64, 65--74, and ≥ 75 y age-group, respectively. SARS cases in age-group 0--9 and 10--19 y accounted for 2.9% and 5.0% of all patients, respectively \[[@CR16]\]. Similarly, among all patients with MERS from Kingdom of Saudi Arabia between 2012 and 2015, only 32 (3.4%) out of 939 patients were aged ≤19 y. Odds-ratio for fatality for age-groups ≤19, 20--39, 40--59, 60--79 and ≥ 80 y were 0.40, 0.54, 1, 2.44, and 6.51, respectively \[[@CR18]\]. There was no reported death in children due to SARS in one the series \[[@CR19]\]. No separate data are available for MERS-related CFR for infants and young children, but fatal cases have been reported in this group \[[@CR20]\]. These findings suggest that SARS and MERS have significantly higher CFR compared to COVID-19 but like COVID-19, children tend to be less commonly and less severely affected.

Human-to-human transmission of SARS-CoV and MERS-CoV occurred mainly in health care settings. This is probably due to less viral shedding before symptom onset, by which time they were most probably seeking medical care \[[@CR21]\]. It is estimated that transmission between family members occurred in only 13--21% of MERS cases and 22--39% of SARS cases \[[@CR21]\]. The secondary attack rates reported for COVID-19 vary from 10 to 20% \[[@CR22]--[@CR24]\].

Summary {#Sec6}
-------

Looking at studies on various respiratory viruses, children appear to be less susceptible to infection by SARS-CoV-1, MERS-CoV, and SARS-CoV-2, as compared to other viruses such as influenza and RSV. The basic reproduction number (R0 value) represents the number of second-generation individuals that a patient can infect after entering a susceptible population under ideal conditions. The R0 values for SARS-CoV-1 and MERS-CoV were estimated to be 2--5 and \< 1, respectively \[[@CR25]\]. There is a trend of association between higher pathogenicity and lower transmissibility. In case of influenza, while pandemic H1N1-virus binding to receptors mainly in the upper respiratory tract, caused relatively mild disease and became endemic in the population, the H7N9-virus binding to receptors mainly in the lower respiratory tract, is reported to have a fatality rate of approximately 40% and has so far resulted in only a few small clusters of human-to-human transmission \[[@CR25]\].

Striking difference in the pandemic 2009 influenza A to COVID-19, SARS and MERS is the fact that overall number of children affected is disproportionately low in the coronavirus associated diseases. One possible explanation is that the latter were associated with high CFR and started as outbreaks, which led to strict quarantine procedures and closing of potential hotspots for pediatric infections like schools and day-care centers. As movement of children is highly limited in these times, most of the infections are spread from infected adult family members. Even within families, individuals diagnosed with SARS-CoV-2 infection are isolated, which may reduce exposure of children. Among studies of household contacts, odds of infection in children were significantly less than elderly (OR: 0.26, 95%CI 0.13--0.54) and gradually increased with age \[[@CR23], [@CR24]\].

Pathogenesis of COVID-19 {#Sec7}
========================

Virology {#Sec8}
--------

SARS-CoV-2 is an enveloped, positive-sense single-stranded RNA virus, from beta-coronavirus genera of *coronaviridae* family. The nomenclature arises from surface spike (S) proteins giving the appearance of "crown" (latin *corona*) on electron microscopy \[[@CR1]\]. SARS-CoV-2 shares 88% genetic identity to two bat-derived SARS-like coronaviruses, bat-SL-CoVZC45 and bat-SL-CoVZXC21, pointing towards common zoonotic origin i.e., bats. Genetic material of SARS-CoV-2 has about 79% and 50% sequence identity to SARS-CoV-1 and MERS-CoV, respectively \[[@CR26]\].

SARS-CoV-2 enters respiratory epithelial cells by attaching to angiotensin converting enzyme-2 (ACE-2) via S-protein; ACE-2 is also a receptor for SARS-CoV-1 \[[@CR27]\]. Cellular entry is facilitated by proteolytic cleavage of ACE-2 by transmembrane serine protease-2 \[[@CR27]\]. Affinity of SARS-CoV-2 for ACE-2 is approximately 10--20 times higher than SARS-CoV-1, which could explain higher infectivity of SARS-CoV-2 \[[@CR28]\]. ACE-2 is found on apical membranes of nasal, oral, nasopharyngeal and oropharyngeal mucosal epithelium, alveolar epithelium, endothelial cells of blood vessels and heart, renal tubules, and enterocytes in small intestine \[[@CR29]\]. CD-147 (target for antibody, Meplazumab) and glucose regulated protein-78 are newly described receptors of SARS-CoV-2 for cellular entry \[[@CR30], [@CR31]\].

Clinico-Immunological Phases {#Sec9}
----------------------------

Clinico-immunological progression suggests that COVID-19 can be divided into 3 phases: (1) Flu like illness with high viral load; (2) Critical phase (decreasing viral titres with accelerated inflammatory response causing lung and end-organ injury); and (3) Recovery phase. SARS-CoV-2 titres in nasopharyngeal and endotracheal aspirate specimens are high during first week of symptoms followed by gradual decline starting at end of first week \[[@CR32]--[@CR35]\]. In nasopharyngeal swabs from 76 patients, viral loads were significantly higher in severely affected (approximately 60 times) than mildly affected patients \[[@CR36]\]. Another study found that patients with severe illness had approximately 1 log~10~ higher viral titres (not statistically significant) \[[@CR33]\]. A small series found no difference in viral loads between mild and severe disease. But the authors analyzed plasma RNAaemia and included only 2 and 4 patients with RNAaemia in severe and mild illness, respectively \[[@CR37]\]. After approximately 4--7 d, a proportion of patients enter critical phase which is associated with progressive decline in viral titres and worsening of inflammatory markers. Patients with more severe disease have less steep and prolonged decline in viral titres \[[@CR33]\]. Levels of inflammatory cytokines including IL-2, IL-6, IL-7, IL-10, GCSF, IP-10, MCP-1, MIP-1A, and TNF-α are higher in critically ill patients than patients with mild disease \[[@CR37], [@CR38]\]. Number of T-cells, helper T-cells, and memory helper T-cells are decreased and naïve helper T-cells is increased in severe group compared to mild group \[[@CR39]\]. Increase in IgG and IgM against SARS-CoV-2 antigens \[internal nucleoprotein (NP) and receptor binding protein (RBP)\] was seen around day 7--10 of symptoms, followed by gradual decrease in viral load \[[@CR33], [@CR34]\]. The persistent high virus titres, poorly controlled by dysfunctional immune system with elevated cytokine levels, point towards combined effect of virus mediated cytopathic effects and immune-mediated injury as the pathway of severe lung injury and multi-organ dysfunction during critical phase. Patients can succumb to illness during critical phase or gradually recover.

Choice of therapeutic agents differs in different phases of illness. Personalized approach to therapeutics by establishing state of viral loads and inflammatory profile (pro- and anti-inflammatory cytokines levels) could be the best approach. Overall, anti-viral therapy in initial phase and combination of anti-viral with immune-modulators in critical phase could be an appropriate choice. As high viral titres are the most consistent feature of severe disease, more effective anti-viral drugs are the need of the hour. Early effective anti-viral therapy could possibly prevent progression of disease to critical phase and improve outcomes and intensive care burden.

There are no studies of viral loads, and cytokine levels in children with COVID-19. Immunological manifestations like lymphopenia (3.5%) and C-reactive protein (CRP) elevation (19.7%) are less common in children compared to adults (47% and \> 50% respectively) \[[@CR7]\]. Most of the children recover following initial short flu like illness without progressing to critical phase \[[@CR7]\].

Pathology of Lung Injury {#Sec10}
------------------------

Lung specimens from early COVID-19 in two patients with concomitant lung cancer, showed proteinaceous and fibrinoid intra-alveolar exudates with mononuclear inflammation, multinucleated giant cells and type 2 pneumocyte hyperplasia \[[@CR40]\]. Post-mortem specimen from 3 patients dying of acute respiratory failure (on day 1, day 6, and 2 wk of onset of respiratory failure), showed features of diffuse alveolar damage, hyaline bodies, type 2 pneumocyte hyperplasia and scanty mononuclear cells. Occasional thrombi in small pulmonary arteries and fibrotic plugs could be seen \[[@CR41]--[@CR43]\]. These findings are similar to findings of SARS-CoV-1 infection \[[@CR44]\]. Immune staining for SARS-CoV-2 showed strong staining of alveolar epithelial cells including desquamated debris within alveoli and minimal staining of blood vessels or interstitium \[[@CR42]\]. These findings of strong virus staining of alveolar cells with few immune cells, point more towards direct virus mediated cell injury. More post-mortem biopsies at different durations of illness, and pediatric autopsies and biopsies will provide additional information.

Effect of ACE-2 Expression {#Sec11}
==========================

ACE-2 is a counter-regulatory enzyme of renin-angiotensin-system which acts by converting angiotensin-2 to Ang-(1--7) form. In healthy state, ACE-2 activity maintains homeostasis between angiotensin-2 (vasoconstriction, inflammation, fibrosis and proliferation) and Ang-(1--7) pathways (vasodilatation, anti-apoptotic, anti-fibrosis, and anti-proliferation) \[[@CR45]\]. After entering pneumocytes, SARS-CoV-2 downregulates ACE-2 expression, decreasing angiotensin-2 metabolism. Elevated angiotensin-2 increases pulmonary vascular permeability and inflammation, hence worsening of lung injury \[[@CR21], [@CR46]\]. Angiotensin-2 levels have been found to be increased in COVID-19 patients compared to healthy adults \[[@CR32]\]. Angiotensin-2 levels have significant positive correlation with SARS-CoV-2 viral loads and lung injury severity, probably via ACE-2 down-regulation \[[@CR32]\]. Elevated angiotensin-2 levels have also been seen with respiratory syncytial virus (RSV) and avian influenza pneumonia \[[@CR47], [@CR48]\]. ACE-2 levels decrease in old age and co-morbidities like hypertension and diabetes, possibly explaining worse lung injury and prognosis of SARS-CoV-2 in them \[[@CR45], [@CR49]\]. In a phase-2 clinical trial of recombinant ACE-2 infusion in adults with acute respiratory distress syndrome (ARDS), there was significant decrease in angiotensin-2 levels, and increase in Ang-(1--7) and surfactant protein-4 levels \[[@CR50]\]. High levels of ACE-2 activity in children could be protective in children with COVID-19, leading to less severe disease in this age group compared to elderly.

Hypothesis for the potential beneficial effect of ACE-2 in lung injury in COVID-19 is complicated by the fact that ACE-2 is also a primary receptor for SARS-CoV-2 in lungs. While ACE-2 knockout mice showed worse lung injury with RSV and avian influenza infections, lungs of ACE-2 knockout rats had lesser virus titres, inflammatory cell infiltrates and injury score with SARS-CoV-1 infection compared to wild type rats \[[@CR47], [@CR48], [@CR51]\]. Among neonates, children, adults and elderly patients with ARDS, there was no difference in ACE, ACE-2 and ACE-2:ACE activity \[[@CR52]\].

With current evidence, it is difficult to ascertain which effect of lung ACE-2 activity is more important in SARS-CoV-2 infection i.e., protection against inflammation mediated lung injury or enhanced lung injury by facilitated virus entry. As COVID-19 is more severe in infants than older children, it is to be seen whether ACE-2 enhanced viral infection is responsible for this. Recombinant ACE-2, ACE-inhibitors and angiotensin antagonists have been proposed as potential therapeutic options in adults. Studies aimed at estimation of blood angiotensin-2 levels, and ACE-2 activity in lower respiratory tract samples in children with COVID-19 are needed.

Mal-Adaptive Immune Response in Elderly {#Sec12}
=======================================

Adult patients with severe COVID-19 have delayed clearance of SARS-CoV-2 \[[@CR33]\]. Total lymphocyte, CD4+ and CD8+ T cell, helper T cell and memory T cell counts were significantly lower in patients with severely affected patients, pointing to depressed adaptive immunity \[[@CR39]\]. Cytokines including IL-2, IL-6, and IL-10, and blood neutrophil counts are significantly elevated in severely ill patients, representing dysfunctional and exaggerated innate response causing lung injury \[[@CR38]\]. Innate immunity over-activity was also seen in human type 2 alveolar cell cultures infected with SARS-CoV-1, showing excessive mRNA expression of interferon-β, interferon-λ (IL-29) and other pro-inflammatory cytokines \[[@CR53]\]. These responses point toward an uncontrolled virus-induced lung injury and secondary cytokine mediated injury. Immune system response seems to be appropriate in children, as most of the children with COVID-19 have normal lymphocyte count \[[@CR7]\]. Studies on sequential viral loads, lymphocyte subset and alveolar lining fluid cytokine profile are lacking in children.

Protective Immunological Mechanisms in Children {#Sec13}
===============================================

Trained Immunity {#Sec14}
----------------

Trained immunity is the functional re-programming of innate immune cells to a more activated state following initial antigen stimulation (infections or vaccination) through metabolic re-programming (enhanced Kreb\'s cycle) and epigenetic changes (acetylation and demethylation leading to enhanced transcription of IL-1β, IL-6 and TNF-α genes). It can affect progenitor cells of myeloid and monocyte cell lines as well as local cells (lung macrophages and dendritic cells) \[[@CR54]\].

It has been postulated that countries with routine Bacille Calmette-Guerin (BCG) vaccination have less COVID-19 related morbidity and mortality \[[@CR55]\]. Following BCG vaccination in adults, there is enhanced pattern recognition receptors expression in monocytes and elevation of Th1 and Th17 immune response to non-mycobacterial stimulation, up to 1 y following vaccination \[[@CR56]\]. In a randomized trial, BCG vaccination was associated with reduced viremia with experimental attenuated yellow virus strain infection and epigenetic changes in monocytes \[[@CR57]\]. IL-1β response upregulation correlated with reduction of viremia \[[@CR57]\]. BCG vaccination has been associated with decrease in acute upper respiratory infection (URI) in elders and decreased mortality in under-5 children \[[@CR58], [@CR59]\]. BCG is also emerging as an interesting option to enhance immunity of at-risk population for severe COVID-19 disease such as elderly and healthcare workers \[[@CR60], [@CR61]\]. But, protective effect of BCG against infections is unlikely to last beyond 1--2 y \[[@CR56]\]. It will be worthwhile to evaluate the role of BCG in infants and children with co-morbidities, especially in countries lacking universal BCG immunization.

Mice infected with live adenoviral vaccine vector have been shown to induce self-sustained memory alveolar macrophages \[[@CR62]\]. Live vaccines against measles and polio have shown to improve childhood mortality, in additional to the specific infections \[[@CR63]\]. Trained immunity due to routine live vaccines (against measles, mumps, rubella, and influenza) and frequent viral infections could be an important protective mechanism against SARS-CoV-2 infection in children.

Cross Immunity to Other Coronavirus Infections {#Sec15}
----------------------------------------------

Cross-reactive antibodies (CR3022) targeting highly conserved domain of SARS-CoV-1 and SARS-CoV-2 showed low affinity for SARS-CoV-2 \[[@CR64]\]. Antibodies against conserved epitopes of influenza following influenza infection have been shown to have heterosubtypic influenza immunity \[[@CR65], [@CR66]\]. As coronavirus infections are common causes of URI in children, protective role of antibodies from other coronavirus infections against SARS-CoV-2 cannot be ruled out. There are also concerns of antibody-dependent enhancement of disease severity due to low affinity antibodies from other coronavirus infections including SARS, which need considerations while developing vaccines and administering convalescent plasma in severe SARS-CoV-19 \[[@CR67]\]. Till now, there are no reports of COVID-19 in patients who suffered from SARS or MERS previously.

Developmental Changes in Immunity {#Sec16}
=================================

Antigen naïve immature immune system in young infants and ageing related relative immune deficiency/ dysfunction in elderly, predisposes these populations to severe ALRI to viruses like RSV and seasonal influenza \[[@CR68]\]. As highlighted above, still younger children fare better than the elderly in most scenarios.

Predominant response to infectious stimulus in young infants is innate response and less prominent adaptive response. In a study from Latin America of children from age groups 6--9, 22--26, and 48--60 mo, younger children had higher release of cytokines IL-6, IL-8, IL-10 and TNF-alpha to toll like-receptor (TLR) stimulation i.e., more robust innate response. The percentage of CD4+ naïve T-cells decreased while memory T cells increased with age \[[@CR69]\]. An inadequate adaptive response could explain worse course of illness seen in COVID-19 affected young infants compared to older children. Also, maternal antibodies protecting neonates and young infants, are unlikely to act against novel viruses like SARS-CoV-2 \[[@CR70]\].

Ageing related immune-senescence in the elderly predisposes them to increased incidence and severity of ALRIs. RSV infection in aged cotton rats showed prolonged viral replication and delayed rise in cytokine levels compared to younger rats \[[@CR71]\]. Multiple innate immunity aberrations have been reported in elderly: reduced dendritic cell number and function, decreased TLR induction, upregulation of proinflammatory cytokines, decreased macrophage and neutrophil function, reduced NK-cell activity, decreased γδ T cell proliferation and number \[[@CR72], [@CR73]\]. These factors lead to excessively pro-inflammatory response to infections; as well as delay in or lack of switch from an innate immune response to an adaptive immune response \[[@CR21]\]. In patients with SARS, the survivors had a gene expression profile indicative of development of an adaptive immune response while deceased showed persistently elevated levels of pro-inflammatory cytokines encoded by the interferon-stimulated genes \[[@CR74]\].

Effects of Lung Development {#Sec17}
===========================

While ageing, lungs gradually have impaired regenerative potential \[[@CR75]\]. In a study of young (2--3 mo) and aged (16--18 mo) mice, influenza virus infection led to more severe alveolar damage, and delayed regeneration of alveolar type II cells and pro-SPC-positive bronchiolar epithelial cells in older mice \[[@CR76]\]. Good regenerative capacity could explain overall less severity and early recovery of COVID-19 in children compared to older patients.

It will be interesting to see if there is any difference in affinity of SARS-CoV-2 to different parts of respiratory epithelium with age and if pediatric infections are limited to upper respiratory tract? Due to greater upper airway resistance in children, aerosol particles deposit more in tracheobronchial tree than alveoli \[[@CR77]\]. This could lead to more bronchiolitis-like infections and less pneumonia with SARS-CoV-2 infection in children.

Co-morbid Conditions {#Sec18}
====================

In adults with COVID-19, co-morbidities like heart diseases, cerebrovascular diseases, and obesity are associated with increased mortality \[[@CR78], [@CR79]\]. Upregulation of ACE-2 in smokers may contribute to poor outcomes of respiratory infections in them; the same will be applicable to elderly smokers \[[@CR80], [@CR81]\]. As most of these morbidities are not commonly seen in children, children are placed in a favourable position. Second-hand smoking could be a risk factor for children.

In a study of infants with RSV ALRI, presence of prematurity, co-existing heart disease, and recurrent wheezing were associated with increased mortality \[[@CR82]\]. Similarly, among children dying of influenza infection in USA, 57% had at-least one high risk condition, including neurological disorders (33%), pulmonary disorders (26%) (including asthma, 16%), genetic disorders (12%) and cardiac diseases (11%) \[[@CR83]\]. From USA COVID-19 data, of the 3 pediatric deaths, all had associated underlying conditions \[[@CR84]\]. Pending detailed reports, young infants and children with similar co-morbidities should be considered as high-risk population for COVID-19. There is a need to study risk factors for severe SARS-CoV-2 infection in children, to identify population most appropriate for clinical trials and administration of anti-viral therapies and vaccines (once available).

Other Mechanisms {#Sec19}
================

There are increasing reports of thrombotic complications with severe COVID-19 \[[@CR85], [@CR86]\]. With presence of ACE-2 on vascular endothelium and association of severe disease with raised D-dimer levels, potential role of endotheliopathy and microangiopathy in COVID-19 pathogenesis needs evaluation \[[@CR78]\]. There are no such reports in children yet. There had been cases where patients initially turned negative for SARS-CoV-2, returned positive (not reported in children yet) \[[@CR87]\]. But these patients were asymptomatic and likely represent carrier state than re-infection. Duration of long-term immunity is yet to be established for the novel virus.

Summary of potential factors protecting children against SARS-CoV-19 infection are summarized in Table [2](#Tab2){ref-type="table"}.Table 2Potential factors protecting children against severe SARS-CoV-2 infectionPotential protective factorMechanismsPrevention of virus exposureEarly isolation and movement restriction   -Closing schools and day-care centers in epidemicsAppropriate infection handlingTrained immunity (strong innate response) due to   -Live vaccines (BCG, live virus vaccines)   -Frequent virus infectionsHigh ACE-2 expression metabolizing angiotensin-2Lack of immune-senescenceGood lung regeneration capacityAbsence of high-risk factorsAbsence of ageing related co-morbidities.Less degree of obesity, smokingHigh-risk group   1. Infants (\< 1 y)   2. Children with pre-existing illnesses (neurological disorders, chronic lung diseases including asthma, uncorrected heart diseases, and genetic disorders)*ACE-2* Angiotensin converting enzyme -2; *BCG* Bacille Calmette-Guerin

Future Directions {#Sec20}
=================

For better definition of disease course, trends of viral loads and immune response (blood and alveolar fluid cell immune-phenotyping and cytokine levels) should be evaluated in detail in children.Facilitation and description of pediatric autopsies and post-mortem lung biopsies is needed for defining patterns of lung injury.As high viral titres and persistent high viral loads appear to be consistent with severe COVID-19, development of potent anti-viral agents should be expedited.Evolution of ACE-2 expression and other potential receptors for the virus in different age groups and different sites in respiratory system in children needs evaluation.

Conclusions {#Sec21}
===========

COVID-19 is posing tremendous challenges to the entire world. Till date, children have been relatively spared. Possible mechanisms involve differences in ACE-2 expression, innate immunity, trained immunity and effects of the containment strategies including closure of schools and day-care centers.
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